experiments was conducted by exposing size-selected (NH 4 ) 2 SO 4 seed particles to different 109 levels of SO 2 , NO 2 , and NH 3 at variable RH conditions in a 1 m 3 Teflon reaction chamber 110 covered with aluminum foil. A differential mobility analyzer (DMA) equipped with a 111 condensation particle counter (CPC) was used to measure the particle growth in diameter, in 112 order to determine sulfate formation on seeded particles (Wang et al., 2016) . 113
Measurement of hygroscopic growth factor of oxalic acid 114
Hygroscopic growth factor (HGF) of oxalic acid was measured according to the method 115 previously discussed (Khalizov et al., 2009; Pagels et al., 2009 ). Briefly, a hygroscopicity 116 tandem differential mobility analyzer (HTDMA) coupled to a condensation particle counter 117 (CPC, TSI 3762) was used for the HGF measurement. Size-selected oxalic acid particles with the 118 dry diameter of 100 nm were exposed to increasing RH from 8% to 92% with a step range from 119 1%-10%. HGF is defined as the ratio of oxalic acid particle diameter (D p ) measured by the 120 second DMA at an elevated RH to the initial diameter (D 0 = 100 nm) of the particles selected by 121 the first DMA at the dry conditions of RH = 8% (Peng et al., 2016) . 122
2.3
Chemical composition of PM 2.5 in Beijing, Hebei Province, and Xi'an, China 123 PM 2.5 samples were collected onto pre-baked (450 o C for 6 hr) quartz fiber filter by using a 124 high-volume air sampler with an airflow rate of 1.03 m 3 min -1 . The sample collection in Xi'an 125 was performed on the roof of a three-story building in the urban center with a 1-hour interval for 126 each sample during the winter of 2012 (Wang et al., 2016) . The sample collection in Beijing was 127 conducted during the winter of 2016 on the roof of a four-story building on the campus of China 128
Research Academy of Environmental Sciences, which is located at the northern part of Beijing. 2 ) was divided into several 143 pieces, extracted with Mili-Q pure water, and determined for WSOM and inorganic ions by 144 using Shimadzu TOC-L CPH analyzer and Dionex-600 ion chromatography, respectively. 145
Oxalic acid in PM 2.5 was analyzed according to Wang et al. (2002) and Cheng et al. (2015) . One 146 part of the filter sample was extracted with Milli-Q water, concentrated to dryness, and reacted 147 with 14% BF3/butanol at 100 o C for 1 hr. After the reaction, the derivatized sample was extracted 148 with hexane for three times and concentrated into 1 mL. Oxalic acid in the samples was 149 identified by gas chromatography-mass spectrometry (GC-MS) and quantified by gas 150 chromatography (Agilent GC7890A). 151
3.
Results 152
3.1
Aqueous oxidation of SO 2 by NO 2 with NH 3 neutralization 153
We first evaluated the factors controlling the aqueous phase oxidation of SO 2 by NO 2 using 154 the environmental chamber method. The evolution in the size of ammonium sulfate particles 155 after exposure to SO 2 , NO 2 , and NH 3 at different RH and SO 2 levels is shown in Figure 1 . In our 156 experiments, monodisperse particles with the initial dry particle size ranging from 50 to 70 nm 157 were selected for the exposure, and two different SO 2 concentrations (37.5 and 375 parts per 158 billions or ppb) were used. RH was maintained at a level of 80-98%, above the deliquescence 159 point (79%) of ammonium sulfate (Qiu and Zhang, 2013) to ensure aqueous particles. As is 160 shown in Figure 1 , the size of (NH 4 ) 2 SO 4 particles remains nearly invariant (within the 161 experimental uncertainty) after exposure to SO 2 , NO 2 , and NH 3 . A 10-fold increase in the SO 2 162 concentration has little effect on the growth of (NH 4 ) 2 SO 4 particles. These results illustrate that 163 sulfate production is insignificant and SO 2 cannot be efficiently oxidized by NO 2 in the presence 164 of NH 3 on aqueous ammonium sulfate particles. The measurement of negligible growth for 165 (NH 4 ) 2 SO 4 particles exposed to SO 2 , NO 2 , and NH 3 at high RH is in contrast to the previous 166 work by Wang et al. (2016) , which showed large size growth and significant sulfate production 167 for oxalic acid particles with NH 3 neutralization and under high RH conditions (see the black 168 triangles in Figure 1) . 169
To gain an insight into such a difference in the size growth between (NH 4 ) 2 SO 4 and oxalic 170 acid particles, we measured the hygroscopic growth of oxalic acid particles. expected to be less acidic than ammonium sulfate, because for a bulk solution the pH value of 196 0.1 M ammonium oxalate is 6.5 and one unit higher than that of ammonium sulfate. As a result, 197 SO 2 readily dissolves into aqueous ammonium oxalate particles and is oxidized by NO 2 into 198 SO 4 2-, which is consequently neutralized by NH 3 to produce (NH 4 ) 2 SO 4 . The resulting aqueous 199 ammonium oxalate/(NH 4 ) 2 SO 4 particles, which is internally mixed, exhibit a lower acidity than 200 that of pure (NH 4 ) 2 SO 4 particles, responsible for a significant growth in the dry particle size and 201 sulfate formation for the previous experiments by Wang et al. (2016) . 202
Hence, the experimental studies of our present work and that by Wang et al. (2016) reveal 203 that sulfate production on fine particles is dependent on several factors, including the particle 204 hygroscopicity, phase-state, acidity, and RH, in addition to the gaseous concentrations of SO 2 , 205 NO 2 , and NH 3 . These experimental results indicate that the acidity and sulfate formation are 206 distinct for organic seed and ammonium sulfate seed particles. While oxidation of SO 2 by NO 2 207 on aqueous (NH 4 ) 2 SO 4 particles does not represent a viable mechanism because of a higher 208 acidity, significant sulfate production occurs on oxalic acid particles because of a lower acidity. 209
Field measurements of WSOM in China 210
Atmospheric measurements have shown that the occurrence of severe haze episodes in 211
China is accompanied with high RH conditions and PM 2.5 particles consist of large amounts of 212 secondary organic and inorganic compounds. We present additional field measurements of the 213 chemical composition of PM 2.5 in Beijing, Hebei Province, and Xi'an of China. Figure 4a and b, NH 3 predicted is similar to the measured value with the metastable or 268 stable mode. Furthermore, the predicted concentrations of NO 3 -and NH 4 + using both the 269 metastable and stable modes are nearly identical (Fig. 4c-f 
Conclusions 331
In this paper we have presented experimental measurements of the growth of ammonium 332 sulfate seed particles exposed to vapors of SO 2 , NO 2 , and NH 3 at variable RH, the HGF of oxalic 333 acid particles, and field measurements of WSOM for PM 2.5 during the severe haze events in 334
Beijing, Hebei Province, and Xi'an of China. Our experimental results reveal that sulfate 335 production on fine particles is dependent on the particle hygroscopicity, phase-state, and acidity, 336 as well as RH. The acidity and sulfate formation for ammonium sulfate seed particles are distinct 337 from those of oxalic acid seed particles. Aqueous ammonium sulfate particles show negligible 338 growth because of low pH, in contrast to aqueous oxalic acid particles with significant dry-size 339 increase and sulfate formation because of high pH. In addition, our atmospheric measurements 340 show significant concentrations of WSOM (including oxalic acid) in fine PM, indicating multi-341 component haze particles in China. Our results reveal that a particle mixture of inorganic salts 342 adopted by the previous studies using the thermodynamic model does not represent a suitable 343 model system and that the particle acidity and aqueous sulfate formation rate cannot be reliably 344 inferred without accounting for the effects of multi-chemical compositions during severe haze 345 events in China. Our combined experimental and field measurements corroborate the earlier 346 finding that sulfate production via the particle-phase reaction involving SO 2 and NO 2 with NH 3 347 neutralization occurs efficiently on organics-dominated aerosols (Wang et al., 2016) In conclusion, while the particle acidity or pH cannot be accurately determined from 351 atmospheric field measurements or calculated using the thermodynamic models, our combined 352 
